A USDOE and USDA study concluded that more than 20 million U.S. hectares of cropland, idle cropland, and cropland pasture could be converted from current uses to the production of perennial grasses from which biomass could be harvested for use as biorefi nery feedstock. Th is study was conducted to determine the most effi cient species, level of N, and harvest frequency from among four perennial grass species {'Midland 99' bermudagrass [Cynodon dactylon (L.) Pers.], 'Carostan' fl accidgrass (Pennisetum fl accidum Griseb.), 'SL 93-3' (a selection from 'Alamo') switchgrass (Panicum virgatum L.), and weeping lovegrass [Eragrostis curvula (Schrad.) Nees]}. Each species was established in 2002 on a Kirkland silt loam soil near Stillwater, OK. Treatments in postestablishment years consisted of four N fertilization levels (34, 67, 134, and 269 kg ha −1 yr −1 ) and two harvest systems (once year −1 in October, and twice year −1 in July and October). Plots were harvested in 2003, 2004, and 2005. For  bermudagrass, fl accidgrass, and lovegrass, the greatest biomass yield year −1 was produced from plots harvested twice year −1 . Switchgrass produced signifi cantly more biomass than the other three species. Biomass yield to N response functions were estimated for switchgrass. For most biomass price and N price combinations, the optimal strategy is to establish switchgrass, and in postestablishment years, to fertilize with 65 kg N ha −1 yr −1 and harvest once year −1 aft er senescence.
I f U.S. biofuels policy goals are to be achieved, ethanol from lignin and cellulosic sources will be required. Research and development is ongoing in an attempt to develop economically competitive methods to produce ethanol from cellulose. Cellulosic biorefi neries are expected to use crop residues [such as corn (Zea mays L.) stover and wheat (Triticum aestivum L.) straw], wood residues, and other waste products as feedstock. However, to achieve long-term policy goals, a dedicated energy crop will be required to provide feedstock. It has been hypothesized that more than 20 million U.S. hectares of cropland, idle cropland, and cropland pasture could be used to grow dedicated energy crops and produce biorefi nery feedstock (Perlack et al., 2005) .
Research sponsored by the Bioenergy Feedstock Development Program at the USDOE Oak Ridge National Laboratory evaluated more than 30 species in research plots on a wide range of soil types at more than 30 sites across seven states (Wright, 2007) . On the basis of these trials, switchgrass was selected as a model species. Switchgrass is a native "wellbehaved" species that does not invade cropland. Switchgrass was one of a group of species that developed and persisted on the U.S. Great Plains for centuries without the addition of N fertilizer. However, economically viable production of a perennial grass monoculture from which substantial quantities of biomass are removed annually would be expected to require N fertilizer (Heaton et al., 2004) .
To determine if switchgrass is the most economically viable perennial grass species for the production of biorefi enery feedstock for a particular region, information regarding yield response of switchgrass and alternative perennial grass species to alternative levels of N fertilizer will be required. Potential cellulosic feedstock producers may be more interested in seeding pasture lands to traditional improved grasses, which would enable an alternative use and provide some protection against the market failure of a single area cellulosic biorefi nery. In Oklahoma, three alternatives to switchgrass are bermudagrass, fl accidgrass, and weeping lovegrass (Rogers, 2006) .
Studies are underway to determine if pure stands of switchgrass could compete with these alternative pasture grasses. For example, the Noble Foundation in Ardmore, OK, reported preliminary results of a study designed to determine if pure stands of switchgrass could be used as a dual-purpose (forage plus biomass) crop. Preliminary fi rst year results found that dual-purpose plots yielded 200 kg ha −1 of steer (Bos taurus) gain and 7.6 Mg ha −1 of biomass. Plots that were not grazed yielded 14.1 Mg ha −1 of biomass (Guretzky et al., 2008) . Work is ongoing to determine if these results are consistent over years and to determine if the value of the livestock weight gain is suffi cient to off set the value of the reduction in biomass yield. Additional work would be required to determine if this system is economically competitive with alternative potential dual-use species such as bermudagrass, fl accidgrass, and lovegrass.
Several studies have been conducted to test switchgrass biomass yield response to N (Muir et al., 2001; Vogel et al., 2002; Th omason et al., 2004; McLauglin and Kszos, 2005; Fike et al., 2006; Mulkey et al., 2006; Lemus et al., 2008) . These prior studies have reported considerable differences across location and variety (Table 1) . For example, Mulkey et al. (2006) evaluated South Dakota switchgrass stands enrolled in, or managed similarly to, Conservation Reserve Program grasslands, and reported yields of 3.5 to 5.5 Mg ha −1 in 2002 from one location. They found that N applied at 56 kg ha −1 yr −1 increased total biomass without affecting switchgrass persistence, but found no additional benefit of N applied at rates in excess of 56 kg ha −1 yr −1 . Muir et al. (2001) reported a yield of 22.5 Mg ha −1 from N applications of 168 kg ha −1 yr −1 at Stephenville, TX. Vogel et al. (2002) found that, averaged over years, optimum biomass yields were obtained from 120 kg of N ha −1 yr −1 . Thomason et al. (2004) found that applying 0 kg N ha −1 and harvesting three times produced 16.9 Mg ha −1 , while 448 kg N ha −1 with three harvests produced 18.0 Mg ha −1 . Fike et al. (2006) found that, for their region (North Carolina, Kentucky, Tennessee, Virginia, and West Virginia), harvesting lowland switchgrass cultivars twice year −1 produced only 8% more biomass than a single harvest. Mclaughlin and Kszos (2005) reviewed and summarized findings from a number of these studies and concluded that the N requirement of switchgrass is a function of a number of factors, including timing and frequency of harvest, location, rainfall, and length of growing season. They reported that many initial field trials were conducted at N levels of 100-300 kg ha −1 ; however, in some regions yield did not respond to applications in excess of 50 kg N ha −1 . Their summary suggests that local trials would be required to fine-tune N fertilization levels to local conditions. Muir et al. (2001) found that P rate did not affect production in any year over 7 yr at one location and 4 yr at another location. Jung et al. (1988) also found that switchgrass yield did not increase in response to P fertilization in Pennsylvania.
Other studies have been conducted to test biomass yield response to N fertilizer for bermudagrass, flaccidgrass, and lovegrass (Prine and Burton, 1956; McMurphy et al., 1975; Overman et al., 1993; Burns et al., 1998; Silveira et al., 2007) . A number of studies have found that bermudagrass responds to N fertilization, and that total biomass yield increases with multiple cuttings (Janet et al., 2004; Overman et al., 2003; Silveira et al., 2007; Boateng et al., 2007) . Boateng et al. (2007) suggest that bermudagrass has potential as an energy crop. Less is known about flaccidgrass (North Carolina Agricultural Research Service, 1998; Burns et al.,1998) and lovegrass (Edwards, 2000) biomass yield response to N. Edwards (2000) hypothesized that lovegrass is a potential alternative to switchgrass as a biomass feedstock producer.
The objective of this study was to determine the most efficient species, level of N, and harvest frequency (once or twice year −1 ) from among four candidate perennial grass species (bermudagrass, flaccidgrass, lovegrass, and switchgrass) and to determine the most economical system for alternative N and biomass prices.
MATERIALS AND METHODS

Agronomic
Th e experiment was conducted at the Oklahoma State University Agronomy Research Station in Stillwater (36°10´ N, 97°5´ W) on a Kirkland silt loam soil (fi ne, mixed, superactive, and thermic Udertic Paleustolls). Th e experiment was designed as a randomized complete block with a split-plot arrangement of treatments and four replications. Th e plots were 12.2 m wide and 16.8 m long, separated by a 4.6-m alley in the east-west direction and 6.1 m in the north-south direction. Four perennial grass species, Midland 99 bermudagrass, Carostan flaccidgrass, SL 93-3 (a selection from Alamo) switchgrass, and weeping lovegrass were established in 2002. Four N rates (34, 67, 134, and 269 kg ha −1 yr −1 in postestablishment years) were assigned to the 3.0-m-wide by 16.8-m-long subplots. Two harvest levels (once and twice per year) were assigned to the 3.0-m-wide by 6.1-m-long sub-subplots. Soil testing was done in April of 2002 to ensure adequate pH, P, and K. A clean seedbed was prepared, 34 kg ha −1 N was applied across all plots, and the four species were planted on 22 and 23 July 2002. Switchgrass (7 kg pure live seed ha −1 ) and weeping lovegrass (2 kg pure live seed ha −1 ) were drilled into the prepared clean seedbed using a Brillion (Brillion, WI) seeder. Two rows of bermudagrass sprigs (12,350 ha −1 ) were transplanted 0.9 m apart and 1.0 m from the edge in the middle of each assigned 3.0-by 6.1-m subsubplot. Flaccidgrass sprigs (12,350 ha −1 ) were transplanted on 0.9-m centers in three rows each in the 3.0-by 6.1-m sub-subplots. A single application of 2,4-D (2,4-dichlorophenoxy acetic acid) was applied at 1.75 L ha −1 across all plots several weeks after planting to suppress broadleaf weeds. The grasses were established in relatively weed free plots that were clean tilled. Weeds were not a serious problem. Additional research would be required to determine if establishment would be as successful in less favorable environments. The plots were not harvested in 2002.
No herbicide or fertilizer other than N was applied in the second and subsequent years. Nitrogen, in the form of urea (46-0-0, N-P-K), was applied at levels of 34, 67, 134, and 269 kg ha −1 yr −1 in years after the establishment year. For the two harvests year −1 sub-subplots, half of the total N was applied at the beginning of the season and half after the first harvest. The two harvest sub-subplots were harvested in July and after senescence in October. The single-harvest sub-subplots were harvested after senescence in October. Plots were harvested in 2003, 2004, and 2005. Yield data were subjected to ANOVA using PROC MIXED (Lee et al., 2008; SAS Inst., 2003) . Initially, species, N rate, harvest level, species × N, species × harvest, and species × N × harvest interaction were modeled as fixed effects, while year and replication were included as random effects (Lee et al., 2008) . After determining the consequences of species on yield, given the rather substantial differences in establishment practices and growth characteristics, data for all four species were analyzed separately. Mean separation was performed using the SAS least square means (LSMEANS) procedure with Tukey adjustment at P ≤ 0.05. Since by chance alone, some means may be categorized as different when they are not, care is always required when interpreting results of multiple means comparisons (Swallow, 1984) .
To determine a more precise estimate of the optimal N level and harvest frequency, response functions were estimated with dummy variables for harvest year, enabling a test of yield differences across year of harvest. Three functional forms, quadratic, linear, and linear response plateau (LRP) were fit. 
Economic
A standard enterprise budgeting procedure was used to estimate production costs for each of the four species. Budgets were prepared to estimate costs in the establishment year (Table 2) . A second set of budgets was constructed to estimate annual maintenance and harvesting costs for years aft er stands were established (Table 3) . Th e establishment budgets (Table 2) include cost estimates for tillage operations used to prepare the seedbed. Th e budgeted tillage operations include plowing, disking twice, and cultipacking. State average custom operation rates were used to compute the cost of fi eld operations (Doye et al., 2006) . Costs were not included for collecting bales and transporting bales from the fi eld since these costs are assumed to be the same per unit produced across species. Charges were not assessed for overhead, risk, and management that were also assumed to be the same across species and treatments.
Seeding rates of 6.72 kg ha −1 and 2.24 kg ha −1 of pure live seed were budgeted for switchgrass and lovegrass, respectively. Regional average seed prices of USD $15.44 kg −1 for switchgrass and $25.36 kg −1 for lovegrass were used. For bermudagrass, 12,350 sprigs ha −1 were budgeted at a price of $0.0165 sprig −1 . A commercial market for fl accidgrass sprigs is not established in the region, and a market price for commercial quantities of sprigs was not identifi ed. For the budget, it was assumed that fl accidgrass sprigs could be obtained or produced at a delivered price of 1.5 times the market price for bermudagrass sprigs. A price of $0.02475 for each sprig was used.
Th e estimated stand life of each species is 10 yr, and the computed establishment costs were amortized over 10 yr at a rate of 7%. Th ese costs are included in the postestablishment year budgets (Table 3) . Th e postestablishment year budgets also include the cost of N, N application, and harvest. Budgeted harvest operations include mowing, raking, and baling into large rectangular solid bales. State average custom operation rates were used to estimate harvest costs (Doye et al., 2006) . Th e level of N, and mowing and raking operations varied across treatments. Th e number of bales produced and the cost of baling are a function of yield.
Th e budgets were initially used to determine the species, N level, and harvest strategy that would produce biomass for the least-cost from among the 32 potential treatment alternatives (four species by four N levels by two harvest alternatives) for a base N price of $0.77 kg −1 . Since the economically optimal strategy depends not only on the price of inputs but also on the price of biomass, and since the optimal strategy may change when prices change, estimates from the estimated switchgrass response functions were used to conduct sensitivity analysis. Th e optimal strategy (N level and harvest frequency) was calculated for three levels of N price ($0.44, $0.77, and $1.54 kg −1 ) for each of three levels of biomass price ($30, $40, and $50 Mg −1 ).
RESULTS
Agronomic
For the combined ANOVA model, species, N rate, harvest level, N × harvest interaction, species × harvest, and species × N were signifi cant (P < 0.05), but the species × N × harvest interaction was not signifi cant. Switchgrass yielded more (P < 0.05) than the other three species. Flaccidgrass yielded more than bermudagrass and lovegrass. Given the rather substantial diff erences in establishment practices and establishment costs, restricted models were estimated for each species separately.
For the restricted models, the N × harvest interaction was signifi cant for all species but bermudagrass. Th e N and harvest main eff ects were signifi cant for bermudagrass. Table 4 includes mean annual yields (Mg ha −1 ) for each species, for both the one (October) and the two (July and October) harvests year −1 and four N level treatments. Th e single harvest year −1 treatments switchgrass yields for 34, 67, 134, and 269 kg of N ha −1 yr −1 were 8.7, 12.0, 12.1, and 12.3 Mg ha −1 , respectively. Switchgrass did not respond well to a harvest in July followed by a harvest in October. Th is fi nding is consistent with those reported elsewhere (Sanderson et al., 1999; McLaughlin and Kszos, 2005) . Th e single (October) harvest produced more total annual biomass than the two (July and October) harvest treatment for the annual N split application level of 67 kg. However, for the other three N treatment levels, the double harvest treatment did not result in diff erences in biomass yield. Th e 67 kg N ha −1 yr −1 treatment produced more biomass than the 34 kg N treatment. However, increasing the N application to 134 and 269 kg did not result in more switchgrass biomass, indicative of a yield plateau.
For lovegrass, the treatments that were harvested twice and that received N applications of 134 and 269 kg ha −1 yr −1 produced more biomass than the alternative lovegrass treatments. However, the average yield for lovegrass that was harvested twice and had 134 kg N ha −1 applied (11.6 Mg ha −1 ) yielded no more than the single-harvest switchgrass treatment that had 67 kg N ha −1 (12.0 Mg ha −1 yr −1 ).
For the single harvest system, fl accidgrass did not respond to N application. However, yields for the double harvest system were greater for 134 and 269 kg N yr −1 treatments than for any of the alternative treatments. Th e average yield for the double harvest 134 kg N yr −1 fl accidgrass treatment of 12.8 Mg ha −1 is comparable with the average of 12.0 Mg ha −1 yr −1 produced by the single harvest 67 kg N yr −1 switchgrass treatment.
Bermudagrass yield increased in a quadratic manner as N fertilization rates increased from 34 to 269 kg N ha −1 yr −1 , with maximum yields occurring at or above 269 kg N ha −1 yr −1 . Th e yield from the two harvests year −1 system was greater than the yield from the single harvest year −1 . Th ese results are consistent with those reported elsewhere (Janet et al., 2004) .
Since switchgrass yielded more (P < 0.05) than the other three species, response functions were estimated for switchgrass. Th e parameter estimates are reported in Table 5 . Th e fi rst three columns of results in Table 5 present the fi ndings when the data from both the single and double harvest treatments were combined. Th e year dummy variables are not signifi cant, indicating that in this trial, switchgrass yields in the fi rst year of harvest (second year aft er planting) were not diff erent from the yields obtained in the second and third harvest years. Th ese fi ndings are consistent with those reported by others for trials conducted in Oklahoma. Fuentes and Taliaferro (2002) reported yields from variety Single 7.6b Double 10.7a † Means given for a particular grass for single and double harvest for each of four N fertilization rates followed by a common letter are not signifi cantly different at P ≤ 0.05 by the least square means test. ‡ For Bermudagrass, the interaction between N treatment and harvest was not signifi cant. Mean biomass yield comparisons between the two harvest treatments for bermudagrass are signifi cantly different (P ≤ 0.05).
Table 5. Maximum likelihood estimates of regression parameters for quadratic, linear, and linear response plateau (LRP) functional forms for switchgrass for the combined data and
data from only the double harvested plots and only the single harvested plots.
Both harvest levels
Two harvests year −1 † Values in parentheses are t statistics (absolute value). ‡ The -2 log likelihood value is a measure of appropriateness of the functional form to fi t the data. A smaller value indicates a better fi t. trials conducted over 7 yr at two locations in Oklahoma. Similar to the current experiment, they did not harvest the plots in the establishment year. Yields in the fi rst year of harvest were not diff erent from yields in the remaining years of the study.
One harvest year
Based on the log likelihood values, the LRP model provides the best fi t. Th e results from the LRP model are consistent with the results from the ANOVA. When both the harvest level and the N × harvest level interaction variables are included in the model, the interaction term was signifi cant; however, the harvest treatment term was not signifi cant. Given the signifi cant interaction term, the data were segregated by harvest treatment and response functions were estimated for both sets of data. For the two-harvest system, the log likelihood values are very similar; however, for the one-harvest system, the log likelihood values suggest that, as with the pooled data, the LRP model provides the best fi t. Given this fi nding, the LRP models were selected and used to conduct economic analysis.
Economic
Estimates of the cost to produce and bale into large rectangular solid bales each of the four species for each N treatment mean and both harvest systems are included in Table 6 . For both harvest systems, the cost to produce a unit of biomass was lower for switchgrass than for any of the alternative species for each level of N. For the single harvest (post senescence in October) system, the cost to produce and bale switchgrass for the 34, 67, 134, and 269 kg N ha −1 treatments was $45, $39, $43, and $52 Mg −1 , respectively. Th e corresponding cost values for the double harvest system were $50, $50, $47, and $51 Mg −1 , respectively. For the alternatives included in the experiments, switchgrass with an annual fertilizer application of 67 kg ha −1 of N and harvested once yr −1 in October was the lowest cost feedstock. Th is treatment produced an average annual yield of 12.0 Mg ha −1 , for an estimated cost to produce and bale of $39 Mg −1 .
For bermudagrass, lovegrass, and fl accidgrass, the two harvests year −1 (July and October) subplots that received 134 kg of N ha −1 yr −1 produced biomass at the least-cost megagram −1 . Th e least-cost systems for bermudagrass, lovegrass, and fl accidgrass produced biomass for $49, $47, and $49 Mg −1 , respectively. Th ese costs exceed the least-cost switchgrass system (single harvest, 67 kg of N ha −1 yr −1 ) by $10, $8, and $10 Mg −1 . For the yields obtained and the prices used in the budgets, biomass produced from the most cost effi cient bermudagrass, lovegrass, and fl accidgrass systems would be from 20 to 26% more costly than biomass produced from the most cost effi cient switchgrass system.
When evaluated at the mean yields for any of the treatment N and harvest levels, for any price of N, switchgrass is the least-cost species. For any biomass price in excess of the breakeven level of $39 Mg −1 , and for any price of N, one of the switchgrass treatments generates greater returns hectare −1 than any of the other species. Given the fi tted LRP response functions, there are fi ve possible optimal strategies for managing established stands of switchgrass. For a single harvest system, it is either optimal to apply zero N that provides an expected yield of 5.3 Mg ha −1 , or to apply 65 kg ha −1 that provides an expected yield of 12.3 Mg ha −1 . For a double harvest system, it is either optimal to apply zero N from which the LRP expected yield is 6.9 Mg ha −1 , or to apply 167 kg N ha −1 in split applications that results in an expected yield of 13.8 Mg ha −1 from the two harvests. When the local value of the biomass is less than the expected harvest cost, the fi ft h possible strategy would be to minimize loss by applying zero N and not harvesting.
Th e economically optimal switchgrass production strategy and expected net returns from the optimal strategy are reported in Table 7 for three N prices ($0.44, $0.77, and $1.54 kg −1 ) and three biomass prices ($30, $40, and $50 Mg −1 ). For eight of the nine price combinations, the optimal strategy is to apply 65 kg N ha −1 and to harvest once per year in October. For the high N price of $1.54 kg −1 and a low biomass price of $30 Mg −1 , the optimal strategy is to apply zero N. For the base N price of $0.77 kg −1 and a biomass price of $50 Mg −1 , the expected net returns from switchgrass is $140 ha −1 .
For a relatively high price of biomass and a relatively low price of N, the dual-harvest split application of N strategy could be more economical. For example, for a biomass price of $70 Mg −1 , the single harvest strategy with a single application of 65 kg N ha −1 is optimal for all three N prices. However, for a biomass price of $80 Mg −1 and an N price of $0.44 kg −1 , the double harvest strategy with a split application of 167 kg N ha −1 is optimal. At $80 Mg −1 for biomass and $0.44 kg −1 for N, the added value of the additional yield from Table 6 . Cost to produce biomass from switchgrass, bermudagrass, lovegrass, and fl accidgrass for four N levels and for one and two harvests year -1 . † N rate
One harvest year -1
Two harvests year -1
Switchgrass Bermudagrass Lovegrass Flaccidgrass Switchgrass Bermudagrass Lovegrass
Flaccidgrass kg −1 yr −1 $ Mg −1  34  45  71  55  51  50  59  59  55  67  39  61  49  49  50  54  53  55  134  43  60  55  57  47  49  47  49  269  52  60  63  66  51  51  54 54 † Costs were computed for items included in the budgets presented in Tables 2 and 3 . Costs are not included for collecting bales and transporting bales from the fi eld. Charges were not assessed for overhead, risk, and management. the two harvest year −1 system is suffi cient to off set the added costs. Th ese added costs include the cost of the second trip to apply N, the cost of the additional 102 kg ha −1 of N, the cost for the second harvest, and the cost of the additional operating capital. However, for an N price of $0.77 kg −1 , a biomass price in excess of $80 Mg −1 would be required to off set these additional costs.
CONCLUSION Th e objective of this study was to determine the most efficient species, level of N, and harvest frequency (once or twice year −1 ) from among four candidate perennial grass species (bermudagrass, fl accidgrass, lovegrass, and switchgrass) and to determine the most economical system for alternative N and biomass prices. Switchgrass produced more biomass than the other three species. For the yields obtained and the prices used in the budgets, biomass produced from the most cost effi cient bermudagrass, lovegrass, and fl accidgrass systems would be from 20 to 26% more costly than biomass produced from the most cost effi cient switchgrass system. Switchgrass was the most cost effi cient species in the trial.
Biomass yield to N response functions were estimated for switchgrass. For most biomass price (e.g., from $40 to $70 Mg −1 ) and N price (e.g., $0.44 to $1.54 kg −1 ) combinations, the optimal strategy is to establish switchgrass, then in postestablishment years, to fertilize with 65 kg N ha −1 yr −1 and to harvest once year −1 aft er senescence.
